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†Department of Mathematics and ‡Department of Biomedicine, University of Bergen, Bergen, NorwayABSTRACT The presence of collagen and charged macromolecules like glycosaminoglycans (GAGs) in the interstitial space
limits the space available for plasma proteins and other macromolecules. This phenomenon, known as interstitial exclusion, is of
importance for interstitial fluid volume regulation. Physical/mathematical models are presented for calculating the exclusion of
electrically charged and neutral macromolecules that equilibrate in the interstitium under various degrees of hydration. Here, a
central hypothesis is that the swelling of highly electrically charged GAGs with increased hydration shields parts of the neutral
collagen of the interstitial matrix from interacting with electrically charged macromolecules, such that exclusion of charged mac-
romolecules exhibits change due to steric and charge effects. GAGs are also thought to allow relatively small neutral, but also
charged macromolecules neutralized by a very high ionic strength, diffuse into the interior of GAGs, whereas larger macromol-
ecules may not. Thus, in the model, relatively small electrically charged macromolecules, such as human serum albumin, and
larger neutral macromolecules such as IgG, will have quite similar total volume exclusion properties in the interstitium. Our
results are in agreement with ex vivo and in vivo experiments, and suggest that the charge of GAGs or macromolecular drugs
may be targeted to increase the tissue uptake of macromolecular therapeutic agents.INTRODUCTIONThe interstitium or interstitial space is a general term used to
describe the connective and supportive tissues of the body,
localized outside the blood and lymphatic vessels and paren-
chymal cells (1). It contains two phases: the interstitial fluid
consisting of interstitial water and its solutes, and the struc-
tural molecules of the interstitial or the extracellular matrix.
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0006-3495/13/09/1276/9 $2.00noglycans (GAGs) limits the space available for plasma pro-
teins and other macromolecules, simply because of their
size. As first described by Ogston and Phelps (2), this phe-
nomenon is called geometrical or steric exclusion, and re-
fers to the fact that two solid structures cannot occupy the
same confined volume at the same time. This is relevant
for molecules with a high hydrodynamic radius such as pro-
teins, and not for small molecules like minor ions and nutri-
ents. Due to their negative charge at physiological pH,
GAGs may, in addition to their steric effect, also exert selec-
tive electrostatic exclusion effects on other negatively
charged species transported through the interstitium. As pre-
viously discussed in Wiig and Swartz (1) and Aukland and
Reed (3), interstitial exclusion is important for interstitial
fluid and plasma volume regulation in situations with fluid
volume perturbations.
In several studies, we have addressed the question of
whether the extracellular matrix (ECM) charge can affect
the macromolecular distribution in the interstitial fluid
in vitro and in vivo. From in vitro experiments, we estimated
that the steric and charge effects accounted for 61 and 39% of
the exclusion effect in fully swollen dermis, respectively (4),
suggesting that the charge effect was significant. This
conclusion has been substantiated by in vivo studies using
differently charged subclasses of IgG (5), as well as
charge-modified albumin (6). Experimental data also show
a reduced exclusion effect with increased hydration and,
moreover, a reduced contribution of charge relative to steric
effects on exclusionwhen hydration is reduced in tissue sam-
ples (4,7). Based on compiled previous data, tissue hydration
seems to be an important determinant of the absolute avail-
able and excluded volume for albumin (7), and most likely
for other macromolecules in tissue samples as well.http://dx.doi.org/10.1016/j.bpj.2013.07.040
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equilibration cell experiments, as first described by Bert
et al. (8), we reasoned that mathematical modeling involving
skin at different hydration levels might be a useful tool in at-
tempting to understand and explain this experimental data. In
a normal state, the skin interstitium consists of interstitial
water with solutes that amounts to 40–45% of wet weight,
an interstitial/extracellular matrix composed mainly of
collagen close to 20%, and stationary glycosaminoglycans
which account for <0.5% of the skin wet weight (see Table
1 in Wiig and Swartz (1)). The central hypothesis here that
wewanted to test was whether theremight be a low screening
of electrically neutral (9) collagen matrix elements by the
negatively chargedGAGs at lowhydration andhigh screening
at high hydration, meaning that negatively charged macro-
molecules are hindered from interacting with an expanding
portion of the charge-neutral matrix as hydration increases.
A qualitative investigation of the plausibility of this hy-
pothesis may not be quite as dependent on using a detailed
structure for the interstitium as, for instance, in Kovach (10),
who studied osmotic swelling pressures due to GAGs along
the lines of Flory (11). In our investigation, the movements
of albumin and macromolecules in the interstitium in be-
tween collagen and GAGs are the focus. Therefore, GAGs
and collagen to a large extent play a passive role, which is
nevertheless important: they determine the available volume
where molecules can move, and also the molecular pressure,
which may be less determined by the geometric form of
GAGs and collagen. In the interstitium, the strongly nega-
tively charged GAGs have a spiral-and-brush-like structure
(12) and expand strongly upon increased hydration due to
repulsive internal electrical forces. They thereby intertwine
more and more of the compact matrix rods (i.e., collagen),
which expand modestly after the expansion of the interstitial
volume as hydration increases, and thereby nullify the steric
exclusion effects of charged macromolecules and convert
them into charge effects. A simpler model may well quali-
tatively give the same effects, which will be applied in
this article; the collagen part of the interstitial matrix is re-
placed by a uniform, immobile distribution of electrically
neutral spheres at each hydration, having a total volume
comparable to that of the real interstitial matrix. Similarly,
the structure of the GAGs is replaced by stationary spherical
elements that expand significantly as hydration increases. It
is assumed for simplicity that their electrically negative
charge is distributed over their surfaces, which are perfo-
rated to let electrically neutral test particles pass through
at all hydrations when their sizes are not larger than albu-
min, whereas larger test particles will not. Small neutral
macromolecules can then move inside the GAG in a
porous-like network all the way to a more-dense GAG
core, similar in size to a dehydrated GAG. Additionally,
their density (i.e., of GAG centers) is chosen so that their
dry weight per unit volume is related to that of the collagen
matrix particles, reflecting the experimental data.All model results are in good agreement with the results
of hydration cell experiments (1,7). The model may thereby
provide new insight into processes on the microscopic level
that underlie macroscopic processes, such as the transport of
electrically charged- and neutral macromolecules through
interstitial tissues (13–15), and especially how their steady
state tissue concentrations vary with hydration. In particular,
our data lead us to propose that either the GAGs or the net
charge of the substances to be delivered (e.g., monoclonal
antibodies) may be targeted to increase the available vol-
ume, drug uptake, and tissue content, and therefore increase
the likelihood of therapeutic effects from macromolecular
agents.MATERIALS AND METHODS
General outline of the models
The equilibration cell, first described by Bert et al. (8) as a means of
measuring distribution volumes of macromolecules in a tissue sample
ex vivo, will be the basis in our model study. We shall concentrate here
on experiments involving restricted swelling of the dermis (7), avoiding
the other layers of skin, i.e., the epidermis and the fat-containing subcutis
shown to confound the in vitro experiments. We also use an identical equil-
ibration cell device, and focus on modeling of macromolecular exclusion
(notably albumin) during variation of tissue hydration. Fig. 1 a schemati-
cally shows a cross section of the cylindrical equilibrium cell along its hor-
izontal axis of length L and where macromolecular distribution both inside
(denoted T) and outside (denotedO) the tissue sample is studied. The cross-
sectional area transversing the axis is A, and when the cell is rotated slowly
around its axis the effects of gravity may be neglected. In each experiment,
the same amount of solution with dissolved macromolecules is poured into
the cell with the tissue constrained to a certain cylindrical volume of thick-
ness z as shown, chosen from the interval between 0.6 and 1.6 mm (7)
whereas L ¼ 4 mm, until the end of each experiment, which is when the
tissue with solution and the outside solution has reached an equilibrium.
Fig. 1 b shows a microscopic picture inside the model tissue sample at a
given hydration. Macromolecules, also called 1-particles, have diameters
d1; collagen matrix particles, or 3-particles, d3; and a GAG-particle, or
2-particle, where holes are indicated, has a diameter d2(z) ¼ 2H(z), which
varies with z and therefore hydration. Cations, anions, and neutral mole-
cules (fluid) are not shown. The thickness z, and thereby hydration, is the
only parameter that varies on the above interval from one experiment to
the next in a series of experiments.
The modeling presented involves particle interactions on nanometer
(Fig. 1 b), and on the millimeter scale of the tissue hydration experiments
(Fig. 1 a). In cell experiments giving radioactively labeled albumin particles
(1-particles) a negative charge, or letting them be replaced in other series of
experiments by electrically neutral or positively charged macromolecules,
their distribution inside and outside the tissue can be found at the end of
each experiment. From this data, their available and excluded volumes
may be calculated, particularly exclusion due to steric and charge effects.
For modeling such calculations we first need to find the total volume num-
ber densities of macromolecules at the end of each experiment inside and
outside the tissue, which are macroscopic quantities. To determine these
two densities in each experiment (with a fixed z value), we use two physical
principles and corresponding mathematical equations, where the first is
conservation of the number of macromolecules in the cell and the second
an equation expressing the average macromolecule diffusion velocity at
every position in the cell. Parameters in the last equation rely on mecha-
nisms at the microscopic level; essentially, less volume is available where
albumin-albumin interactions and albumin interactions with constituentsBiophysical Journal 105(5) 1276–1284
FIGURE 1 (a) A cut along the axis of the cylindrical equilibration cell of
cross-sectional area A and length L. Tissue (dermis) constrained to a thick-
ness z along the axis. (b) Schematized pictures on the microscale inside the
tissue, showing the surface of a hydrated GAG of radius H(z) and holes
through it; the GAG at lowest hydration, its core, of radius rmin (in solid rep-
resentation); collagen particles inside and outside the GAG; and negatively
charged macroparticles. The negative charge () distributed on GAG sur-
face is indicated. Small macromolecules are repelled close to the GAG sur-
face and do not penetrate through its holes into the interior, whereas small
neutral ones will. Anions, cations, and charge sheaths are not shown.
1278 Øien et al.of the tissue, mainly collagen and GAGs, take place, but albumin-fluid in-
teractions also play a role.
Three macroscopic models are presented and compared below and in
the Supporting Material that use different modeling of diffusion. Two of
them, Models 1 and 3, use the pressure from dense gas theory: Model 1
is a pressure model similar to those found in Chapman and Cowling
(16) and Ferziger and Kaper (17); and Model 3 is a Clausian-like pressure
model (18). Because external forces have been nullified, the macromolec-
ular pressure balance between the inside and the outside of the tissue pre-
vails when equilibrium has been reached in each experiment. Instead of
pressure equality, the equality of inside and outside available tissue macro-
molecule densities is assumed in Model 2 once equilibrium has been
established.FIGURE 2 The large curve shows distances of closest approach DCL
computed from Eq. 5 (DCL(z)¼ r(z)) of albumin-GAG encounters as hydra-
tion, or the thickness z of tissue samples, which varies in steps from 0.6 to
1.6 mm in a series of model equilibration cell experiments. (Inset) Corre-
sponding variation of the differences of DCL and H, where H(z) (radius of
a GAG) varies according to Eq. 3 with K ¼ 835 nm and rmin ¼ 226 nm
(see Table 1, row A). The Debye length is set to lD ¼ 2 nm (see text);
the diameter and electric charge of albumin is d1 ¼ 7 nm and Q1 ¼ 17
e; and GAG charge Q2 ¼ 50,000 e.Variations of GAG- and collagen densities, and
size of GAGs with hydration
Collagen and GAGs are considered to be the tissue structural background
for macromolecular movements. As hydration, i.e., z, increases and we
reach equilibrium from one experiment to the next, we assume the center
densities n3 and n2 of these tissue constituents decrease such that they
vary with the thickness z only, n1(z), and n2(z). Conservation of GAG-
and collagen particle numbers then provides for equilibrium statesBiophysical Journal 105(5) 1276–1284n2ðzÞ ¼ n2z1
z
(1)
and
n z
n3ðzÞ ¼ 3 1
z
; (2)
where z may take any value from z1 to z2 corresponding to the lowest and
the highest hydrated state, respectively, and where the densities are denotedn2(¼ n2(z1)) and n3(¼ n3(z1)) at the lowest hydration corresponding to z1.
Model GAG radii will be expected to change from a small value, its core
radius rmin, at the lowest hydration, to larger values when hydration in-
creases. For the hydrated radius of the GAG we shall model ad hoc a
second-order variation (parabolic) with z, of the form
HðzÞ ¼ rmin þ K ,UðzÞ
¼ rmin þ K ,
8><
>:
0 ; z ¼ z1 
1 ðz z2Þ
2
ðz1  z2Þ2
!
; z1<z%z2
: (3)
(The form is similar to the curve in Fig. 2.) K is a relatively large radius in-
crease because of hydration when z has reached the highest value z2 (seeTable 1) and later we let z1 ¼ 0.6 mm and z2 ¼ 1.6 mm. For the most dehy-
drated states GAGs are considered compact. When hydration increases, an
outer diffusive region enfolds, allowing the GAGs to increase radii H(z).
GAGs still have an almost compact inner core of radius rmin, and the diffu-
sive region is simplified even more to a perforated spherical surface con-
taining all GAG charges, as indicated in Fig. 1 b.Excluded volume calculations
Debye length and shielding
Swollen GAGs are not compact molecules: neutral fluid and electrically
neutral, relatively small macromolecules are supposed to be able to
TABLE 1 Parameter choices in computer runs
Row hd1, d10i d2 rmin ¼ d3/2 n2 n3 K Q1 Q2 n1in
A h7,7i 452 226 1.03 108 1.03 1010 835 17 5 104 ¼ n3
B h7,7i 452 226 1.03 108 1.03 1010 835 17 5 104 ¼ n3
C h7,11.2i 452 226 1.03 108 1.03 1010 835 0 5 104 ¼ n3
D h7,7i 452 226 1.03 108 1.03 1010 835 17 5 104 ¼ n35 103
hd1, d10i: d1 indicates the smallest diameter d1-particle that barely moves at lowest hydration; d10-particle is the one used in the experiment. All lengths,
including K, are in nm; volume densities n2 (of GAGs), n3 (of collagen matrix particles), and n1in (of albumin density inputs), are in mm
3. Particle charges
Q1 and Q2 are in units of electron charge. In row C, a large neutral macromolecule with size corresponding to IgG is used. In row D, there is a high macro-
molecular density compared to low densities in rows A–C; parameters are otherwise as in row A. The Debye length in all runs is 2 nm.
Interstitial Exclusion of Macromolecules 1279penetrate through openings into their interior as far as their core in the cen-
tral region. Charged albumin particles may also penetrate into their interior
at high ionic strengths of interstitial fluid (see below). Some magnitude re-
lationships between several parameters determine how negatively charged
albumin particles interact with negatively charged GAGs. At physiological
pH values, the negative charge on the GAGs is very high. Incoming nega-
tively charged albumin particles are then exposed to a repulsive electrical
force, and may not penetrate into the GAGs. However, anions and cations
will play important roles in this interaction. Their masses are much smaller
than that of albumin- and GAG particles, and locally they immediately
respond to electrical fields. They diffuse and then establish a balance be-
tween their electrical and pressure forces on anions and cations, creating
Debye sheaths around the stationary GAGs and also, at least to some extent,
around the moving albumin particle (19), of thickness
lD ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ε0kkBT
ð2n0e2Þ
s
; (4)
the Debye length. Here, n0 is the undisturbed density of both anions and cat-
ions at some distance from the charged GAG and albumin particle andoutside the sheaths; T is the temperature in Kelvin degrees; kB is the Boltz-
mann constant; ε0 is the vacuum permittivity; and k is the dielectric con-
stant. For water, k has the approximate value 80 when neutral molecular
polarization is perfect. The effective Coulomb potential at distance r
from the GAG center, for example, then varies as zexp ((r  H(z))/
lD)/r when the GAG has radius H (see Fig. 1) and the outside GAG regions
(r > H(z)) are considered. The Debye length has a value of ~2 nm for an
ionic strength (proportional to 2n0 in Eq. 4) of 50 mMol/L and falls to
~0.5 nm for an increased strength of 500 mMol/L, and within this ionic
strength span lies the span for dermis, between ~250 and 350 mMol/L
(20). Our choice of using lD ¼ 2 nm in computer runs must be viewed in
connection with other parameter choices in the model. We see that much
higher ionic strengths that may be regulated from outside (i.e., higher values
of n0, such that lD/ 0) can completely nullify the charge effect of poten-
tial, and therefore also negate the charge effect on particle interactions, with
only the steric (neutral) interaction effect left.
Distance of closest approach for interacting particles
Generally, the distance of closest approach for two interacting particles is
considered a determinant when calculating excluded volumes. For a neutral
interaction of two interacting spherical particles of diameters d1 and d3
(each of which are approximately two times the range of short-range strong
forces), the distance of closest approach is the center-to-center distance
(d1 þ d3)/2. For charged interacting particles it may be significantly larger,
depending on particle sizes, their charges, and to what degree sheaths have
been developed.
To illustrate the procedure for calculating distance of closest approach
for two charged particles, consider the following albumin (or charged
macromolecule)-GAG interaction: Only the stationary hydrated GAG par-
ticle of radius H(z) is shielded by a fully developed Debye sheath, whereas
the moving albumin molecule of radius a1 ¼ d1/2 with kinetic energy of or-
der kBT, at some distance away from the GAG, is not shielded at all. Beforeinteraction, for a particular state of hydration, the albumin particle comes
from some distance away from the GAG where its potential energy in the
shielded GAG field is zero. It is directed head-on toward the GAG, which
in the 2-particle interaction is centered at r¼ 0, and should be repelled, hav-
ing then zero velocity, when its center is at a distance r(z)¼ DCL(z), the dis-
tance of closest approach. This r(z) ¼ (R H(z)) is given from the energy
conservation equation
Q1Q2lD exp

 ðr  HðzÞÞ
lD

ð4pε0kðHðzÞ þ lDÞr Þ ¼ kBT; (5)
assuming that the albumin particle is not significantly disturbed by third
particles, for instance other albumin particles, during the GAG-albumin
interaction. The term on the left is the potential energy of the 1-particle
in the field of the 2-particle at the distance when the 1-particle is repelled.
Q2 is the total charge of the 2-particle, evenly distributed on its surface, and
the total charge of the 1-particle, Q1, for simplicity, is in the center of par-
ticle 1. The term on the right is the kinetic energy of the 1-particle at some
distance away, where the potential energy is zero. Because of the large dif-
ference in masses of particles involved in the interaction, the exchanges of
energy between the GAG and the albumin particle and between the albumin
particle and anions and cations have been neglected; i.e., the albumin par-
ticle approximately interacts with the field as if it is an external field. Ex-
pressions in the energy equation rely on the Poisson equation from
electrostatics and the Boltzmann distribution of anions and cations in the
field of the GAG charge.
Fig. 2 shows how the distance of closest approach DCL(z), from Eq. 5,
varies with hydration, represented by the tissue thickness z, for an albumin
particle interacting with a GAG that swells in accordance with Eq. 3. The
inset shows the corresponding variation of DCL(z)  H(z), i.e., the radial
distance between the GAG surface and the center of the albumin particle.
Parameters used when solving Eq. 5 are from Table 1, row A, which have
been chosen so that electrically charged albumin particles may move in be-
tween collagen and GAGs at all hydrations, and barely at the highest hydra-
tion (see Parameter Values, below). We comment here in particular on our
choice of the electric charge Q2 for the model GAGs. GAG charge is known
to be very large and may be estimated (12). However, our value of 50,000
electronic units is approximately the minimum value that, according to the
inset (Fig. 2), allows albumin particles to be reflected from the model GAGs
at all hydrations, even when they hit a hole in the GAG surface. They
accordingly do not penetrate into the interior of the GAGs and interact
with collagen there, but move in between GAGs and collagen outside in
accordance with our working hypothesis, as discussed earlier.
For an albumin-albumin interaction, the distance of closest approach is
denoted as dCL and is estimated from an equation similar to Eq. 5.
Excluded volume per unit volume
We begin by establishing an expression for the volume exclusion per unit of
tissue volume nE0 of a neutral test macromolecule that is able to penetrate
the GAG surfaces and move into the GAG interiors as far as to their coresBiophysical Journal 105(5) 1276–1284
1280 Øien et al.for all degrees of hydration in a series of cell experiments. This expression
also represents the excluded volume of charged albumin particles
in situations when ionic strengths are so high that charge effects are negated
(see Debye Length and Shielding). Hence, nE0 represents the steric part of
albumin exclusion. Next, we set up a corresponding volume exclusion
expression for an electrically charged test albumin particle, nE, at relatively
low ionic strength values, which will be reflected due to the electric force
when interacting with GAGs. Lastly, we create an expression for neutral
particles instead of albumin molecules that are too large for penetrating
through the GAG surfaces, nE0G. In the tissue each one of the expressions
is a sum of three parts due to exclusion by albumin particles, by collagen
matrix particles and by GAG particles. Detailed derivations of each of
the nE0- and nE0-parts may be found in the Supporting Material (see below)
and the expression for nE0G then easily follows from this. We have
vE0ðzÞ; ¼

4p
3

d31n1ðzÞ þ
ðd1 þ d3Þ
2
3
n3ðzÞ
þ
ð2rmin þ d1Þ
2
3
n2ðzÞ

; (6)
4p

3
ðd1 þ d3Þ3 effvEðzÞ ¼
3
dCLn1ðzÞ þ 2 n3 ðzÞ
þ D3CLðzÞn2ðzÞ

; (7)
4p

3
ðd1 þ d3Þ3 effvE0GðzÞ ¼
3
d1n1ðzÞ þ 2 n3 ðzÞ
þ

HðzÞ þ d1
2
3
n2ðzÞ

: (8)n1AðzÞ ¼ n1ðzÞ
vAðzÞ ¼
n1ðzÞ
1 ð4p=3Þd3CLn1ðzÞ þ ððd1 þ d3Þ=2Þ3neff3 ðzÞ þ D3CLðzÞn2ðzÞ; (14)Here,
neff3 ðzÞ ¼

1

4p
3

HðzÞ3  r3min

n2ðzÞ

n3ðzÞ (9)is an effective density in the mean for collagen particles, because in Eq. 7
the charged albumin particles and in Eq. 8 the large neutral particles do not
interact with collagen matrix particles that are inside the GAGs (see the
Supporting Material for a detailed derivation). The values n2(z) and n3(z)
are given from Eqs. 1 and 2, and n1(z) will be determined from equations
detailed later. Corresponding outside tissue expressions for Eqs. 6–8 follow,
assuming n2(z) and n3(z)/ 0.
Only the first term in each of Eqs. 6–8 varies with n1(z), so that if macro-
molecular density is small, the corresponding contribution to volume exclu-
sion may also be small compared to contributions from collagen particles
and GAGs.
We also have
vQ ¼ vE  vE0; vQ
vE
; and
vE0
vE
; (10)Biophysical Journal 105(5) 1276–1284which gives the charge part of the excluded volume per unit volume, frac-
tions of the excluded volume of charge-induced volumes, and fractions of
steric-induced excluded volumes, respectively. These expressions are of
prime interest to find and compare with in vitro experimental findings
(see Figs. 5 and 6, found later in text, and see Figs. S1 and S3 in the Sup-
porting Material).
We also note that per unit volume macromolecules, collagen, and GAGs
occupy an approximate volume of
vE00ðzÞ ¼

4p
3

d1
2
3
n1ðzÞ þ

d3
2
3
n3ðzÞ
þ r3minn2ðzÞ

: (11)
Then the water volume per unit volume and a corresponding volume frac-
tion arevH2OðzÞ ¼ 1 vE00ðzÞ and
vEðzÞ
vH2OðzÞ
; (12)
which also will be found and compared with laboratory data (see Fig. 5,
found later in text).
Available volume per unit volume and available
macromolecular density
Available (subscript A) volumes per unit volumes corresponding to
Eqs. 6–8 are
vA0 ¼ 1 vE0; vA ¼ 1 vE; and vA0GðzÞ ¼ 1 vE0GðzÞ:
(13)
The available 1-particle density inside the tissue with charge effects
included iswith similar formulas for small and large neutral test particles.
Letting n2(z) and n3(z) / 0, we have the corresponding expression
outside the tissue in the cell.Equations for equilibrium macromolecular
density inside and outside the tissue
To calculate the expressions for excluded volumes nE, nE0, and nE0G, in tis-
sue in the above expressions for every hydration corresponding to z we use
Eqs. 1 and 2 to express n2(z) and n3(z), but we also need the equilibrium
density of macromolecules n1T(z). The value n1T(z) will depend on the den-
sity outside the tissue, n1O(z). Thus we need two equations for these two
densities. As commented on earlier, we will try out three models and
compare results. The first equation for n1O(z) and n1T(z) shall be the same
in each of the three models, namely a macromolecular number conservation
equation for the equilibration cell,
n1OðzÞVOðzÞ þ n1TðzÞVTðzÞ ¼ N1in: (15)
Interstitial Exclusion of Macromolecules 1281Here, N1in is the (known) number of macromolecules supplied into the
whole cell, and VO and VT are the cell volume parts outside and inside
the tissue. With V ¼ L , A, the total cell volume, VT ¼ zA and VO ¼
(L – z)A, we have, dividing by V, setting n1in ¼ N1in/V,
n1OðzÞðL zÞ=Lþ n1TðzÞz=L ¼ n1in: (16)
We shall term n1in the macromolecular input density.
As the second equation for n1O(z) and n1T(z) in Models 1 and 3, we shall
use the equality of different versions of equilibrium macromolecular pres-
sures inside and outside the tissue, whereas in Model 2 we shall instead use
the equality of available densities inside and outside the tissue. In short,
p1OðzÞ ¼ p1TðzÞ in Models 1 and 3; and
n1AOðzÞ ¼ n1ATðzÞ in Model 2: (17)
Thus macroscopically, a total force free equilibrium of macromolecules
is considered: In the equilibration cell experiments, the force of gravity is
nulled-out by rotating the cell and macroscopic electric force fields because
numerous small molecules may redistribute to counteract any macroscopic
charge separation. In Model 1, pressures are similar to those from dense gas
theory (16,17), whereas in Model 3 we use a dense gas equation of state
similar to the Clausius equation of state (18). The form of these pressures
are derived and given in the Supporting Material. Available densities in
Model 2 can easily be discovered using Eq. 14. The models turn out to
give similar results for excluded volumes for moderate macromolecular
densities, as figures later will show.FIGURE 3 (a) Dense packing of collagen matrix particles at a maximal
dehydrated state of the model tissue sample. Macromolecules are then not
able to move in between collagen particles and equilibrate. (b) Collagen
particle centers are a distance l apart (illustrated by two of them) that is
larger than their diameters d3, such that macromolecules up to a certain
diameter may move in between them (see calculation in text).Parameter values
Choice of parameters when solving Models 1–3
When solving the set of equations for the densities n1T(z) and n1O(z) in each
ofModels 1–3, the thickness z is varied in small steps from z1¼ 0.6mm(most
dehydrated state) to z2¼ 1.6 mm (most hydrated state), with cell length L¼
4 mm. A connection between the z-variable and a hydration variable similar
to that used in laboratory equilibration cell experiments is found below. We
shall attempt some experiments for each of the three models. We set the
diameter of 1-particles asd1¼7nm, an approximatevalue for serumalbumin
particles, and assume albumin particles of this size will barely be able to
move in between collagen particles and GAGs at the lowest hydration corre-
sponding to z¼ 0.6mm.Larger particleswill therefore not be able tomove at
this lowest hydration, whereas smaller ones will. Of particular interest is
studying how neutral IgG particles of diameter 11.2 nm behave: they will
not move at the lowest hydration when albumin barely can, and they will
not penetrate through the surface of GAGs either.
Important parameters that determine the distribution of 1-particles in
equilibrium in the cell, and hence the steric and charge volume exclusions,
are principally, besides the size of the 1-particles and their input density
n1in, the volumes that 2- and 3-particles occupy. Note that the volume den-
sities of these particles (their centers) vary with the thickness z of the tissue,
in accordance with Eqs. 1 and 2. We note before settling our model param-
eters that the determination of collagen density in various tissues in partic-
ular has been the topic of several studies, e.g., Mommersteeg et al. (21), as
has variation with age and sex (22,23). Exclusion of albumin by dermal
collagenous fibers and characterization of fiber meshworks have been stud-
ied by Bert et al. (24,25). In our model study we settle on and choose a
collagen density at the lowest hydration corresponding to z1 ¼ 0.6 mm,
allowing the model to set constraints on all other parameters that conse-
quently must be used, in particular that albumin movement in between
collagen particles and GAGs shall be possible at all hydrations studied.
Below, collagen density at the lowest hydration is coupled with the volume
occupied per unit volume. At z1 ¼ 0.6 mm, we shall assume that
4p
3

d3
2
3
n3 ¼ 1
2
; (18)
which is a rather high density of collagen matrix particles (their centers).
For comparison, we look at a dense packing of 3-particles as in Fig. 3 a,
which we can consider as a maximally dehydrated state in the model, but
also a state where albumin may not move freely. In each box there is one
3-particle (one particle center), and because the number of 3-particles N3
in an arbitrary volume V is N3 ¼ n3V, where n3 is the volume density of
3-particles in this state, applying the formula to one of the boxes (where
N3 ¼ 1 and V ¼ d33) we have n31/3 ¼ d3, whereas from our choice, Eq.
18, n3
1/3 ¼ (p/3)1/3 d3 z 1.01549 d3, only slightly larger than the value
for the extremely dense case. Note that n3
1/3 is a measure of the center-
to-center distance of particles in any hydrated state, as Fig. 3 b indicates.
Boxes have sides l, which are also the center-to-center distances of parti-
cles, hence n3l
3 ¼ 1 (putting aside the z-dependency for a moment), and
then l ¼ n31/3. Under these conditions, we consider two restrictions on
the diameters d3 and d2 ¼ 2H(z) for collagen particles and GAGs for every
hydrated state:
n
1=3
3  d3>d1; (19)
n
1=3  d >d : (20)2 2 1
Equation 19 expresses that 1-particles must be able to pass between two 3-
particles even in the most dehydrated state (z ¼ z1), and then even more so
for more hydrated states because n3
1/3 then grows. Using the smallest
n3
1/3 z 1.01549 d3, Eq. 19 gives when d1 ¼ 7 nm, d3 > 451. 9 nm. In
the following we shall set d3 ¼ 452 nm, meaning n31/3 is ~459 nm. Equa-
tion 20 similarly expresses that 1-particles shall be able to pass between two
2-particles, or GAGs. We set for the radius of the wind-up, or core ofBiophysical Journal 105(5) 1276–1284
FIGURE 4 Curves for volume density variations of albumin with hydra-
tion inside tissue when equilibrium has been established, for Models 1–3.
Tissue hydrations are expressed by z or by z, the two abscissas shown.
Parameter values used when solving the three sets of model equations are
according to Table 1, row A.
1282 Øien et al.2-particles, i.e., the radii of GAGs in the most dehydrated state, rmin ¼ d3/2,
and consider the density of their centers to be 1% of that for 3-particles,
n2 ¼ 0.01 n3. The distance between GAG centers is therefore n21/3 ¼
2130.5 nm, and higher when hydration increases. For hydrated states we
have d2 ¼ 2H(z). Because d1 ¼ 7 nm, it follows from Eq. 20 that H <
1061.8 nm. With the swelling H(z) using Eq. 3 with rmin ¼ d3/2 ¼
226 nm, for the swelling parameter K we can choose K ¼ 835 nm.
Working parameters are collected in Table 1. Row A is the primary
choice. In row B, values are the same as in row A, with the exception
that the K-value has been lowered (i.e., less swelling of GAGs). Row C is
for an exclusion experiment using large, neutral macromolecules (diameter
11.2 nm) to be compared with corresponding results for negatively charged
particles (albumin) of diameter 7 nm (row A). We note that the choice of
parameters will not allow these neutral macromolecules to move in between
collagen particles at the lowest hydration values. At higher hydration values
they will, and they also move in between GAGs even as GAGs swell, as the
GAG-density falls off according to Eq. 1 and the distance between them in-
creases correspondingly. For the parameter choices A–C, the input macro-
molecular number density n1in has the same low value. In row D, n1in is
raised 5000-fold in comparison with row A to highlight the effects of higher
albumin density. Some results have been placed in the Supporting Material.
We also note that a connection between the degree of hydration ex-
pressed by thickness z and the hydration parameter used in equilibration
cell experiments,
ðwet weight  dry weightÞðgramÞ
ðdry weightðgramÞÞ ;
which we denote using z, uses Eq. 18, and may be written z ¼ (z/0.3) 1
when, as an approximation, we set the specific weight of collagen material
as equal to 1 gram/mL and thus equal to that of water. For more detail, con-
sult the Supporting Material. Hence, z varies in a linear way from 1 to
4ð1=3Þ as z varies from 0.6 to 1.6 mm.RESULTS AND DISCUSSION
For the parameter choices A–D in Table 1, we solve in turn
the three sets of model equations for the macromolecular
densities n1T(z) and n1O(z), then derive volume exclusions
due to steric and charge effects as well as the total exclusion
for each of Models 1–3. Some results are shown in Figs. 4–6
and Fig. S1, Fig. S2, and Fig. S3.
Fig. 4 shows densities of albumin inside the tissue as a
function of tissue thickness z and the corresponding hydra-
tion parameter z (see the above section) when the system
has settled to an equilibrium, using Parameter Set A in
Table 1. The size of the macromolecules (albumin, diameter
7 nm) is small enough so that if particle-GAG electrostatic
interaction has a weak and negligible effect, for instance
when the ionic strength is very high, the particle can pene-
trate the GAG surface and move into the interior of the
GAG. However, because charged particle interaction is
rather strong at low ionic strength (see Fig. 2, inset), pene-
tration does not take place.
In Fig. 5 (lower panel), we have plotted the ratio of the
total volume exclusion (due to steric and charge effects) to
the fluid volume per unit volume given in Eq. 12. In the up-
per panel, we show the steric- and charge-excluded volume
fractions of the total excluded volume separately (given in
Eq. 10) as a function of hydration, using the same ParameterBiophysical Journal 105(5) 1276–1284Set A as in Fig. 4. All models examined give practically the
same results, which could be attributed to a low input den-
sity n1in (see Eq. 16), meaning n1T(z) is low. Therefore,
the contribution to volume exclusion due to macromolecules
is also low and low compared with contributions from
collagen particles and GAGs. This effect is also observed
when Parameter Sets B and C are used. To see an exclusion
effect somewhat more clearly when using a higher n1in
value, see Parameter Set D and corresponding Fig. S3.
A result for volume exclusion due to steric and charge
effects using parameter choice B, where the only difference
from choice A is lessened GAG swelling (a lower value of
parameter K) may be found in Fig. S1. This figure clearly
illustrates that the lessened swelling of GAGs as hydration
increases means less charge and more steric effect contribu-
tion to total volume exclusion compared with Fig. 5 (upper
panel).
Using Model 1 and Parameter Set C to calculate macro-
molecular densities, Fig. 6 shows the total volume exclusion
for these neutral macromolecules of diameter d1 ¼ 11.2 nm
(i.e., similar to IgG (26)). They are considered to be too
large for penetration of the GAG surface, and they cannot
move in the tissue at the lowest hydration levels. Results
for these macromolecules are compared to corresponding
results using Parameter Set A. The total volume exclusion
for the neutral large particles is more pronounced than
that of the smaller charged ones, but the difference between
the excluded volumes shrinks with increasing hydration
(from ~0.014 to 0.0075 from lowest to highest hydration).
FIGURE 5 Parameter values according to Table 1, row A. (Upper panel)
Steric and charge fraction of total excluded volume for each state of hydra-
tion. Models 1–3 gave practically the same result. Albumin-albumin inter-
action is mostly steric (dCL ¼ 7.88 nm, d1 ¼ 7 nm). For albumin-GAG
interactions DCL(z) > H(z) for all z, with shielding of collagen matrix par-
ticles from albumin interactions. D(z) - H(z) varies from ~6.2 to 0 nm as z
varies from 0.6 to 1.6 mm (see Fig. 2). (Lower panel) Fraction of total
excluded volume to fluid volume per unit volume as a function of hydration.
Again, Models 1–3 gave practically the same result.
FIGURE 6 Comparison of fractional excluded tissue volumes as a func-
tion of hydration for neutral macromolecules (diameter 11.2 nm) and
charged albumin particles (diameter 7 nm) inside tissue for all hydrations.
Parameters as in Table 1, rows C and A. Note that states of equilibrium do
not exist at the lowest hydrations (below thickness z ¼ 0.61 mm) for the
large neutral macromolecules, because these particles cannot move in be-
tween collagen at these lowest hydrations. Particle density was calculated
from Model 1 and is shown in the Supporting Material.
Interstitial Exclusion of Macromolecules 1283In Fig. S2, the corresponding densities are compared (the
density for Parameter Set A for Model 1 is given in Fig. 4).
In Fig. S3, we used Parameter Set D, which is identical to
A except that nin has been raised 5000-fold, meaning we
have a much higher density of albumin on the inside and
the outside of the tissue sample. In particular, Models 1–3
give somewhat different volume exclusions, a result which
is most easily seen at low hydration values, where the differ-
ence with the corresponding curves in run A is also more
pronounced.
A further discussion of some detailed results can be found
in the Supporting Material.CONCLUSIONS
The central hypothesis of the model presented is that
swelling of highly electrically charged GAGs with hydra-
tion will enclose more and more of the collagen part of
the interstitial matrix, thereby preventing electrically
charged macromolecules from interacting with collagen in-
side the swollen GAGs. The effect of this increased enclo-
sure will be increased exposure of GAG negative charges,
with parts of volume exclusion shifting from steric to elec-
tric charge effects as hydration increases. However, the sur-
face of the GAGs, where for simplicity in the modeling the
whole GAG charge has been concentrated, has openings that
allow small neutral macromolecules to diffuse through
(such as serum albumin and smaller molecules) while hin-
dering larger neutral macromolecules from penetration
into the GAG-interior. Thus, we have demonstrated by
modeling based on equilibration cell experiments that
charged albumin particles and large neutral macromolecules
(IgG) show similar total exclusion properties in the intersti-
tium at all hydrations when the ionic strength is at a physi-
ological level. Increasing the ionic strength markedly will
switch off all charge effects.
All model results in different parameter regimes are
compatible with corresponding ex vivo experiments in ratBiophysical Journal 105(5) 1276–1284
1284 Øien et al.dermis (1,7). Model simplifications of structures in the inter-
stitium, i.e., calculating with spherical collagen particles
and spherical GAGs with the GAG-charge distributed over
their surfaces, seem acceptable as long as volumes occupied
by these model structures correspond to that of the dermis.
Our findings may be of importance for understanding mech-
anisms on the macroscopic level of the transport of macro-
molecules, electrically charged or neutral, through the
interstitium.
In addition to explaining our findings of an increased
contribution by negatively charged proteoglycans to volume
exclusion upon increased hydration (7), the modeling pre-
sented in this article may have implications for therapy.
We have previously shown that there is a significant charge
effect on excluded volume in solid tumors (27), which led us
to suggest that either the glycosaminoglycans or the net
charge of macromolecular substances to be delivered may
be targeted to increase the available volume and drug up-
take. This assumption has later been supported by studies
demonstrating that steric and charge effects of the extracel-
lular matrix (ECM) represent a barrier to the uptake of mac-
romolecules, including nanotherapeutics (28). Our model
gives indications of the quantitative effect on distribution
volume by targeting the ECM, and that the influence of
charge modifications will increase as the hydration level
rises.SUPPORTING MATERIAL
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